Conventional
specimens for fracture toughness testing of bone pose larger size requirements. As this is a limiting factor due to the unavailability of bone at most of the sampling sites, developments took place in this field. The paper contains an overview of the conventional specimens and their limitations, the advent of compact sandwich specimen and its adoption for fracture toughness testing of bone, techniques that utilize compact sandwich specimen for the measurement of stress intensity factor and energy release rate, and utilization of compact sandwich specimen for various exclusive aspects.
The paper provides a brief review of the existing specimens to test bone fracture toughness, with an emphasis on the techniques that utilize compact sandwich specimen. Several researchers adopted the conventional and new specimens for various investigation purposes. This paper discusses them on a common platform.
Significance of Fracture Toughness Testing of Bone
The traditional, strength of materials approach to characterize bone fracture does not account for the presence of flaws or microcracks present in bone. Microcracks originate in bone as a result of microdamage caused by fatigue and impact, which are the results of repetitive loading of bone during locomotion and other activities.
It is experimentally observed that microcracks initiate in bone at approximately 60% of the ultimate load (1) . Natural cavities such as lacunae, canaliculi and haversian canals can also possibly initiate cracks when bone is subjected to high strain rates (2) . In addition to the presence of microcracks, bone is a brittle solid with a low total elongation to failure. The presence of surface cracks and other microcracks significantly affect the fracture energy or toughness of a brittle solid. The toughness of a material in the presence of cracks can be accurately determined using a fracture mechanics approach.
Therefore, the knowledge of fracture toughness provides a better way of evaluating bone fracture compared to other mechanical testing techniques.
Conventional Specimens
Most of the currently used specimens to determine the fracture toughness of bone were initially developed for testing of engineering materials. As they were developed for materials that are more homogeneous and isotropic than bone, they were appropriately verified and several researchers made the necessary modifications. Commonly used techniques are discussed here.
The compact tension (CT) specimen is widely used in determining the fracture toughness of bone and other biomaterials. ASTM has standardised the specimen for testing engineering materials. Several researchers have adopted this technique for  testing various biomedical materials due to the compact size of the specimen (2) (3) (4) . The configuration of CT specimen is shown in Figure 1 . The equation to determine the stress intensity factor using this specimen is given by ASTM E399 (5) . The configuration of SENT specimen is shown in figure 2 . The equation to determine stress intensity factor is given by, (5) . Single Edge Notched Bend [SENB] specimen has the same configuration as SENT. As the name indicates, the specimen is loaded in bending. The specimen is supported on its two ends and loaded in the plane of the notch. It is shown in figure 3 . Stress intensity factor is determined by (5) .
Limitations of Conventional Specimens
Orthopaedic prosthesis designs are usually tested on laboratory animals like baboons, dogs, goats, rabbits etc. because these animals have secondary form bone, which resembles human bone. Fracture toughness of bone is one of the important material properties that should be known for a better prosthesis design. The current methods to measure the fracture toughness of bone require specimens of large size. In addition as bone is anisotropic and nonhomogeneous, the fracture toughness of bone varies with crack orientation and sampling site. The problem of specimen size requirements with current methods is more severe if the fracture toughness is to be determined at a particular sampling site and for a certain crack orientation. Therefore, it is not practically feasible to determine the fracture toughness of bone in small laboratory animals using the conventional specimens.
This necessitated the development of new specimen to determine the fracture mechanics parameters of bone using small samples.
Development of Compact Sandwich Specimen

Measurement of Stress Intensity Factor:
Fleck and Hutchinson (6) proposed the sandwich specimen to measure the fracture toughness of a thin adhesive layer used to bind two substrates of the same material. The configuration is shown in Fig. 3 . They developed an analytical relationship to measure the stress intensity factor, assuming that the thickness of the adhesive layer tends to zero. Apparent stress intensity factor (K ∞ ), measured from the applied loads as if the material was homogeneous, is used to calculate the stress intensity of the adhesive layer. The real stress intensity factor, K, for the adhesive material is given by 
Figure 5. Compact sandwich specimen used by the author
The relationship developed by Fleck and Hutchinson (6) has a serious limiting factor that the interlayer thickness should be negligible (1/100) compared to the other dimensions of the sandwich specimen. Such an assumption holds good for testing adhesive interlayers for which the technique was developed. However, the interlayer thickness cannot be so small in the case of bone because the size of the bone sample to be tested should be large enough to be characteristic of the material, with several haversian canals, lacunae, etc. Wang et al. (7) modified the sandwich specimen technique for testing the fracture toughness of bone. This new configuration consisted of a bone interlayer held in between two holders ( Fig. 4) and is hereafter referred to as the compact sandwich specimen. The compact sandwich specimen has the overall configuration of a compact tension specimen. Wang et al. (7) tested for a range of interlayer thickness and determined that equation. (4) does not hold good at higher interlayer thickness.
Therefore they used a numerical technique to modify the analytical solution of the sandwich specimen, to account for the finite interlayer thickness. The relation is And where, h and W are the interlayer thickness and specimen width. The correction factor Ф is valid in the range 0<h/W<0.17.
Measurement of Energy Release Rate:
Paruchuru et al. (8, 9) adopted the compact sandwich specimen to measure the energy release rate of bone. The configuration of the compact sandwich specimen they used is shown in fig.5 . The analysis they carried showed that the apparent energy release rate (G ∞ ) obtained by testing compact sandwich specimen is a direct measure of the energy release rate (G) of the interlayer (bone). Therefore,
where, G ∞ = Apparent Energy Release Rate (G ∞ ), measured from the applied loads as if the material were homogeneous, B = Width of the specimen, P = Load at which G is measured, C = Compliance (load line displacement / load), a = Initial crack length Compliance technique is based on the energy balance principle. In developing the compliance technique, no assumption was made that the cracked body under consideration must consist of a single material.
Therefore, theoretically, the compliance technique may directly be applied to specimens like CSS as long as the initial crack lies in a single material.
Utilisation of Compact Sandwich Specimen
Wang et al. (10) performed a study using compact sandwich specimen to investigate the fracture toughness of bone from different species, including both large and small species, to compare with humans. The species tested were human, bovine, baboon, canine and rabbit. This study showed that baboons and canines are good animal models to study human bone fracture properties.
Wang and Agrawal (11) utilised compact sandwich specimen to examine the variation in fracture toughness of bovine femoral bone as a function of testing sites and crack orientations. The results indicated that there were statistically significant differences in fracture toughness between the testing sites for both radial and circumferencial cracks. Crack orientation also appeared to influence the fracture toughness at the test sites.
Conclusion
The latest techniques that utilise compact sandwich specimen provide a feasible way of measuring fracture toughness of bone from small laboratory animals. As the fracture toughness changes with sampling site, the technique is inevitable when the fracture toughness is to be measured at sites, where bone is not sufficient to fabricate a conventional specimen. Bone is anisotropic in nature and the fracture toughness changes with orientation. As the compact sandwich specimen utilises a bone sample of smaller size, the same can be extracted at any desired orientation.
The fracture toughness thus obtained by compact sandwich specimen may be used in a better design of prosthesis, characterisation of bone fracture, assessment of bone quality etc.
